The development of microgrids is of great interest to facilitate the integration of distributed generation in electricity networks, improving the sustainability of energy production. Microgrids in DC (DC-MG) provide advantages for the use of some types of renewable generation and energy storage systems, such as batteries. In this article, a possible practical implementation of an isolated DC-MG for residential use with a cooperative operation of the different nodes is proposed. The main criterion is to achieve a very simple design with only primary control in a residential area. This application achieves a simple system, with low implementation costs, in which each user has autonomy but benefits from the support of the other users connected to the microgrid, which improves its reliability. The description of the elements necessary to create this cooperative system is one of the contributions of the work. Another important contribution is the analysis of the operation of the microgrid as a whole, where each node can be, arbitrarily, a consumer or an energy generator. The proposed structures could promote the use of small distributed generation and energy storage systems as the basis for a new paradigm of a more sustainable electricity grid of the future.
Introduction

Evolution of Electrical Networks
For just over 100 years, AC has been the technology that has dominated power systems. Consequently, most electrical loads have been developed in AC [1] . Electrical networks have evolved, from their origin, to the current large interconnected networks. However, there are several factors in current electrical installations that allow proposing an important change in this approach [2] .
First, transport networks have been aging and becoming saturated, while the demand for power has not stopped growing [3] . The huge costs required for the construction of large power plants or long transport lines have sparked interest in new structures of smaller size and more flexible [4] . This is how concepts such as microgrids (MGs) emerge.
Secondly, the depletion of fossil resources and climate change favors the development of renewable generation sources [5] , many of them characterized as having a small unitary power and using DC in their operation [1] .
Third, the development of power electronics facilitates the incorporation of a large number of receivers that work in DC or that include a double conversion of AC/DC/AC power [6] .
Consequently, two important concepts have been developed in recent years: The MG and within this, the DC microgrid (DC-MG).
DC Microgrids
Since its proposal in 2002 [7] the concept of MG has been gaining strength. It can be included in the broader concept of smart grids (SGs) [8] . MGs are conceived as small distribution networks with distributed generation, storage systems, loads and control systems that allow their autonomous operation when the transport network fails [9] . They present potential advantages that make them attractive, such as [9, 10] : Taking into account these advantages, public administrations should facilitate and regulate the creation of these microgrids, which represent a new paradigm in the top-down vision of traditional electricity grids.
MGs can be classified into AC-MG and DC-MG. DC-MGs have been proposed by various researchers since the development of MGs was presented as an alternative to traditional networks [11] . The development of DC-MG can provide advantages over those of AC-MG [12] such as: -Many renewable generation systems produce energy in DC (e.g., photovoltaic and fuel cells) or use DC in the energy transformation process, as occurs in many small wind generators [1] , which use DC generators or permanent magnet synchronous generators, followed by electronic rectifiers. -Many domestic and industrial loads are of the DC electronic type, or use power electronics with intermediate stages in DC [13] . -As a consequence of the above, avoiding the transition to an AC-MG simplifies and reduces energy transformations with the consequent decrease in losses and associated costs [11] . The convenience of using hybrid systems (photovoltaic, wind, hydro and batteries) in areas without supply from the grid in Sub-Saharan Africa is analyzed in [14] . -Connection to AC networks is simplified because the synchronization of electronic inverters is done very simply and quickly. -Energy storage systems operate in DC and reduce energy costs [15] . - The stability of the DC network with multiple converters can be improved in an active way [16] . Short-circuit currents can be limited electronically, avoiding high currents [17] . A general scheme of DC-MG protection can be seen in [18] . - The control of DC-MG with multiple generators is much simpler than in an equivalent AC-MG [19] .
For all these reasons, it seems attractive, in the near future, to use DC-MG for various applications, beyond the current ones. They can be used for power supply to residential, commercial, educational centers, etc., [19] with the additional possibility of providing high reliability power or improve aspects of power quality [20] .
MG Basic Aspects Background
Throughout the previous sections, several references have been commented on the DC-MG control and strategies for the use of MG resources. The objective of this paper is to describe a possible practical implementation of a DC-MG for residential use with a cooperative operation of the different nodes and the main criterion is to achieve a very simple design. In this section some more specific references that are more related are presented. Authors consider that there are no studies that describe the type of structure proposed here, but some aspects of its functioning have been addressed in the literature.
An autonomous, decentralized control without communication links is proposed. The operation of each node is based on droop control type P-V. Numerous researchers have deepened the analysis of this type of control [11] , which can lead to low voltage regulation and difficulties in the distribution of load between the generators. In [21] an average current sharing method is used to deal with these problems, and the feedback signal is sent by a communications network to each generator so that it modifies its set point.
A nonlinear droop function to improve power sharing between sources is proposed in [29] . Nonlinear droop control can increase the gain with strong voltage drops and soften it with the small ones [30] . Adaptive droop control is proposed in [31] to improve the power distribution between the generators. An algorithm developed in [32] is used to improve the functioning of the network. For its operation, each generator communicates with its neighbors through the network and based on the voltages of the nodes an algorithm optimizes the power distribution.
In a hierarchical control structure [19] , a second level makes it possible to correct the voltage deviations between the nodes or modify the power distribution. In general, a communication system is used to send the control signals to the generators and to be able to adjust the voltage regulation parameters and the load distribution.
The displacement of the control droop curve (as a secondary control level) is proposed in [33] with the objective of improving the excessive voltage drops that the droop control can cause. Other authors have proposed secondary control schemes to reduce power losses in networks [34] .
To improve the resilience of the MGs, the operation of several MGs in a network, with an adequate communication system, would allow the establishment of support policies between them. In this way, energy could be exchanged through the transport network [35] , which can constitute a third level of control. A third level of control, within the hierarchical structure, has been proposed by several authors to improve economic aspects or increase the resilience and reliability of networks [36] .
The possibility that several microgrids share resources cooperatively has been proposed by several authors [37] . The climatological differences or the diversity in the energy demand can facilitate a cooperative operation of a set of microgrids connected to the electrical network, under the dispatching of a control centre [38] .
This cooperative operation of several connected microgrids can also be achieved through a correct economic strategy, which facilitates adopting the correct energy trading criteria to the control centre of each microgrid, without the need for centralized control [39] .
Analyzing the data of solar and wind generation from seven sites in Hong Kong [40] demonstrates that the cooperative operation of microgrids in these sites would produce important benefits, taking advantage of the diversity in the generation.
In any case, all the proposed networks have connection to the AC network or several fixed generators, whose operation is to be optimized. The isolated network proposed here has as its main characteristic that each node can be, arbitrarily, a load or a generator, depending on its own parameters. There is no communication system between the nodes, because according to the results that will be shown in the discussion, the third level of control is considered unnecessary. Even, based on the simulations, the second level can be dispensed with, as will be argued.
As justified in the simulations, to achieve an adequate operation with a simple distributed primary control, a node design that guarantees a sufficiently high autonomy will suffice. The required level of autonomy must allow only a percentage of the nodes demanding energy simultaneously. A design of the network that guarantees moderate voltage drops during those possible states of operation is also needed.
The study of generators clusters working in coordination with the structure of a virtual power plant (VPP) is also proposed in the literature. Numerous authors have developed control strategies for the coordinated functioning of these VPP [41] . The optimal coordination of VPPs with renewable sources implies taking into account the generation uncertainty and the influence of weather conditions [42] . The problem of these VPPs is different from the one addressed in this paper, where it is proposed that each node can collaborate to sustain the network according to its own state. There are no fixed generators, but it is considered the collaboration between several nodes to maintain an admissible operating state.
Contributions and Paper Layout
Despite the practical difficulties that exist for the development of networks in DC (lack of standardization, for example, with an impact on a resource market poorer than that of AC [16] ) these structures have aroused considerable interest in the scientific community, especially as an alternative for the energy supply from renewable sources in isolated areas [14, 43] . It is not difficult, technically, to create a DC-MG. To facilitate the success of this type of microgrids several requirements must be fulfilled:
-
Be safe, reliable and stable electrical distribution systems. -Be economically profitable for consumers. -Be dynamic and flexible in its operation and its extension.
In particular, this paper will propose a type of DC-MG easy to control and implement to achieve autonomous operation of a residential area. Each node is, at the same time, a possible load or a possible generator, so that the overall operation is achieved cooperatively between the different participants.
This type of structure can be attractive for residential areas, with moderate demand in all nodes, and can facilitate the development of DC-MG.
The analyzed MG is formed by several households, each one equipped with photovoltaic (PV) panels and batteries and linked together through the grid. The use of renewable energy is a sustainable solution for the ever increasing energy consumption worldwide. In particular, PV generation is a viable energy in many isolated areas of the large electricity transmission and distribution networks. PV is characterized by its variable and intermittent production depending on the level of solar radiation. This means that individual PV installations isolated from the electricity grid, even with the battery holder, cannot ensure levels of continuity of supply equivalent to the distribution network of the electricity company [26] . A solution to this problem is the establishment of microgrids that link different consumers and individual generators in an electrical network. The viability of a MG depends on economic factors to be a sustainable option [24] .
The type of renewable generator used does not limit the application of the solution proposed in the paper. However, it has been decided to choose PV generators due to its great ease of use in small domestic facilities, its wide diffusion worldwide and the simplicity of its operating model.
The authors have tried to achieve a very simple structure, which can be implemented without limitations. The operation control of the nodes must be autonomous, thus achieving a real operation of the plug and play type. In the proposed network, all the nodes have the same characteristics and participate equally in the operation (peer to peer). Under the operating conditions that will be studied, a relaxation of the control system constraints is possible without affecting the operation of the users. The proposed cooperative microgrid allows us to increase the reliability of energy supply compared to other solutions, with low implementation costs.
In the proposed network, there is no root or slack bus that can represent a critical element in the grid. All nodes respond autonomously to the same signals: Voltage at its point of connection to the network and internal voltage of the node. The operation of each node also depends on the state of charge (SOC) in its storage system. The only critical condition is that, at every moment, the energy demanded by a group of them can be contributed by the others, for which the design of each node is an aspect of great importance. This design should guarantee sufficient autonomy in most of the time. The authors state that no previous approach in any other work related to DC-MG allows such an operation.
The paper is organized as follows; Section 2 describes the basic structure of this type of network, which is called a cooperative residential DC-MG, describing the elements that compose it. In Section 3 the model is developed to analyze the stationary operation of the network based on the power demands of the nodes and the internal state of each one. The application of the operational model of the network to a case is explained in Section 4. Subsequently, the results are analyzed and a discussion of them is carried out in Section 5. Finally, certain conclusions are drawn in Section 6.
Description of a Cooperative DC-MG
The proposed concept of a cooperative DC-MG (CoDC-MG) will be applied to a set of interconnected nodes of a DC small electrical network that have autonomous power and can share power between them, so that they can function as loads or as generators depending on the operating state of the network and its own internal energy state. The MG will be assumed isolated from the AC network, because if this connection exists, the mode of operation would be imposed by that network, simplifying all the analysis that will be developed. That any node is purely a load or a generator is not excluded.
To achieve a stable state of operation it is necessary to balance the power provided by the generators and the power demanded by the loads. For this to be possible, the design of the network must satisfy certain rules.
Structure of Network Nodes
To clarify the concept, we considered an initial CoDC-MG configuration with a small set of dispersed households that must be supplied with electricity according to the following characteristics:
-
The energy would come from PV panels. Other resources could be used, but this study started from this solution for simplicity in the subsequent approach. -Batteries would be used to maintain the electricity supply when there is not enough PV production.
Taking these features into account, it was decided to carry out the distribution with a DC-MG. Initially there were three different alternatives:
1.
Each household has an independent autonomous installation (there is no MG in this case).
2.
A centralized generation facility is developed to supply energy to each household.
3.
Each household has its own installation, but all the houses are interconnected by a CoDC-MG.
The third option was chosen in this study due to: -The size of the generating and storage facilities is reduced compared to the size of the option 1, benefiting from the diversity of the different consumers' consumption. That size will be equivalent to the one needed in option 2 but distributed among all the nodes. -Each consumer can receive support from others if they need more power or energy than the available one in their installation. In the event of a fault in the distribution network, each consumer has his own resource. This fact improves the reliability of the network in comparison with options 1 and 2. -In option 3, the size of the wiring is, in general, smaller than that required in option 2.
-
In conclusion, option 3 improves the sustainability of the system.
The result, therefore, will be a set of N v households connected by a radial distribution network as shown in Figure 1 . All nodes are similar to node 1, with their own energy generation and storage systems. -Batteries would be used to maintain the electricity supply when there is not enough PV production.
1. Each household has an independent autonomous installation (there is no MG in this case). 2. A centralized generation facility is developed to supply energy to each household. 3. Each household has its own installation, but all the houses are interconnected by a CoDC-MG.
The third option was chosen in this study due to:
-The size of the generating and storage facilities is reduced compared to the size of the option 1, benefiting from the diversity of the different consumers' consumption. That size will be equivalent to the one needed in option 2 but distributed among all the nodes. -Each consumer can receive support from others if they need more power or energy than the available one in their installation. In the event of a fault in the distribution network, each consumer has his own resource. This fact improves the reliability of the network in comparison with options 1 and 2.
In option 3, the size of the wiring is, in general, smaller than that required in option 2.
The result, therefore, will be a set of Nv households connected by a radial distribution network as shown in Figure 1 . All nodes are similar to node 1, with their own energy generation and storage systems. The design of the generation and storage facility of each node was made as follows:
In each household a daily energy consumption Ed (kWh/day) was estimated from the demand curve Pd(t) corresponding to the average value calculated by measurements made in other existing nearby facilities (or of typical statistical values available) [44] ).
-With the solar irradiance curve of the region PF(t) (see Figure 2 ) for the less favorable time of the year (for example, January for latitude 40° N) the power produced by the PV array was calculated as PS(t).
where Ppeak is the nominal power installed in the PV array (for an irradiance of 1000 W/m 2 ) and PR is the performance ratio. The PR depends on the temperature of the PV cells, the dirtiness of the panels and their aging and the efficiency of the DC/DC voltage conversion necessary to use the energy. In this paper a mean value of 0.9 was adopted. The design of the generation and storage facility of each node was made as follows:
-In each household a daily energy consumption E d (kWh/day) was estimated from the demand curve P d (t) corresponding to the average value calculated by measurements made in other existing nearby facilities (or of typical statistical values available) [44] ).
-With the solar irradiance curve of the region P F (t) (see Figure 2 ) for the less favorable time of the year (for example, January for latitude 40 • N) the power produced by the PV array was calculated as P S (t). P s (t) = P F (t)·P peak ·PR/1000,
where P peak is the nominal power installed in the PV array (for an irradiance of 1000 W/m 2 ) and PR is the performance ratio. The PR depends on the temperature of the PV cells, the dirtiness of the panels and their aging and the efficiency of the DC/DC voltage conversion necessary to use the energy. In this paper a mean value of 0.9 was adopted. From the values PS(t) and Pd(t) the useful energy contributed by the battery in one day was obtained, as depicted in Figure 3 . The excess energy produced by the panels, E1, was used to recharge the batteries. 
-Taking into account the performance of the charging (ηc) and discharging (ηd) operations of the batteries, the energy that must be generated was obtained, based on the installed power Ppeak in the PV panels:
where Eb is the energy provided by the battery to the loads on a sunny day. From the values P S (t) and P d (t) the useful energy contributed by the battery in one day was obtained, as depicted in Figure 3 . The excess energy produced by the panels, E 1 , was used to recharge the batteries.
-Taking into account the performance of the charging (η c ) and discharging (η d ) operations of the batteries, the energy that must be generated was obtained, based on the installed power P peak in the PV panels:
where E b is the energy provided by the battery to the loads on a sunny day.
-From the adjustment to the balance of the previous data, the value of P peak was specified.
-By admitting a SOC of 80% for example at the end of a discharge cycle for a sunny day, the capacity of the batteries Q b1 is calculated using the expression (6) .
-For a set of n c cloudy days, the energy production would be much less than the theoretical one with good weather. For example, admitting that 15% of the theoretical value was obtained, since the irradiance could be between 10% and 20% of what corresponds to a sunny day [46] , it would result in:
where:
-E' b is the energy contributed by the battery the n c cloudy days (it has been assumed that P d (t) > 0.15·P S (t) during all the time those days). -SOC min is the minimum admissible value of SOC after those n c days (for example 15%). -Q b2 is a new value of the necessary capacity in the battery.
Finally, the Q b capacity will be equal to:
After these days it is necessary to recover the normal state of charge in the batteries in a not very long period, for this reason it is necessary to oversize the value P peak (for example 20%).
The data used in the examples developed in this work are shown in Section 4. Both the generation and the storage capacity of each node were derived from the real operating data of a group of households, taking as a starting point a consumption level with a probability of 20% of being exceeded. From the values PS(t) and Pd(t) the useful energy contributed by the battery in one day was obtained, as depicted in Figure 3 . The excess energy produced by the panels, E1, was used to recharge the batteries. 
where Eb is the energy provided by the battery to the loads on a sunny day. 
Structure of the Cooperative DC-MG
For the design of the DC-MG distribution network the following aspects should be taken into account:
-
The power demands are due to some consumers (never to all at the same time). For example, we would assume that 30% of consumers were demanding power from the other nodes. -
The remaining nodes will contribute the demanded power (plus the losses), by sharing this demand between them. -Any node in the network can be, therefore, a consumer or a power generator. -
The search for hypotheses of the most critical possible operating states allows us to design the wire sections. -
The resulting sections in the cables are always smaller than those that would result if all the demand was distributed to all consumers from a central generator.
In addition, the design of the network must take into account the technical criteria set by the regulations in each country or in international standards [47] . For example, in underground networks it is common to find the limitation S > 6 mm 2 , where S is the section of the copper underground conductor. Many times, these minimum sections may be sufficient, in a large part of the sections of the network in a suburban DC-MG. The comments made above are also important for the calculation of voltage drops. Figure 4 shows the elements that make up each node of the cooperative DC-MG.
Sustainability 2019, 11, x FOR PEER REVIEW 9 of 22 Figure 4 shows the elements that make up each node of the cooperative DC-MG. Each node has its PV array with a Ppeak power and a battery with Qb capacity, as indicated above. The battery has a regulator (battery controller, BC) to control the state of charge and its maximum current, both in charge and discharge. The basic structure is a buck-boost converter [48] . The BC decides the power flows between the PV array, the battery and the internal bus of the node.
Finally, the node is connected to the network with a power flow controller (PFC) and a smart meter (SM) to measure the power flows in both directions.
The PFC decides the transfers of power from the node to the network (power to grid) or from the network to the node (power from grid) depending on the voltages on both sides (grid and internal bus) and the nominal voltage of the network (Vr). This equipment will limit the maximum permissible power flows in each direction.
Three types of loads are frequent in current households: Power loads that work in AC. For example, the devices mentioned in the previous point that have not been replaced by others in DC. In the future, if DC networks are developed, this type of equipment can be replaced by others in DC that will be offered in the market.
Stationary Operation of the CoDC-MG
Each node has an operating regime composed of two stages:
The first stage is the internal operation with respect to the own loads. The battery controller (BC) tries to maintain the internal bus voltage Vi(t) = 1.05·Vr for any power demand of the installation itself.
The BC operates as a voltage source with limited current. To achieve its objective, all the available power of the PV panels Ps(t) was used. In the interval {t1-t2} of Figure 3 , there was an excess of generation. Therefore, the voltage Vi would be greater than Vr (Vr ≤ Vi ≤ 1.05 · Vr) and the excess Ps was used to recharge the battery until SOCmax was reached. Outside the interval {t1 − t2} of Figure 3 , the power Ps was lower than Pd. The voltage Vi(t) decreased below Vr, and the power provided by the battery Pb(t) was used to try to maintain the value Vr, as long as the Imax established in the equipment was not exceeded.
The power provided by the battery depends on its SOC, a maximum level can be maintained if SOC > 20%. If SOC < 15% the power provided by the battery is zero, to guarantee an adequate duration of the battery. Between 20% and 15% the power delivered can be reduced linearly. The SOCmax can be 100% or 95%, since some types of battery (Li-ion) can suffer a faster deterioration with Each node has its PV array with a P peak power and a battery with Q b capacity, as indicated above. The battery has a regulator (battery controller, BC) to control the state of charge and its maximum current, both in charge and discharge. The basic structure is a buck-boost converter [48] . The BC decides the power flows between the PV array, the battery and the internal bus of the node.
The PFC decides the transfers of power from the node to the network (power to grid) or from the network to the node (power from grid) depending on the voltages on both sides (grid and internal bus) and the nominal voltage of the network (V r ). This equipment will limit the maximum permissible power flows in each direction.
The first stage is the internal operation with respect to the own loads. The battery controller (BC) tries to maintain the internal bus voltage V i (t) = 1.05·V r for any power demand of the installation itself.
The BC operates as a voltage source with limited current. To achieve its objective, all the available power of the PV panels P s (t) was used. In the interval {t1-t2} of Figure 3 , there was an excess of generation. Therefore, the voltage V i would be greater than V r (V r ≤ V i ≤ 1.05 · V r ) and the excess P s was used to recharge the battery until SOC max was reached. Outside the interval {t1 − t2} of Figure 3 , the power P s was lower than P d . The voltage V i (t) decreased below V r , and the power provided by the battery P b (t) was used to try to maintain the value V r , as long as the I max established in the equipment was not exceeded.
The power provided by the battery depends on its SOC, a maximum level can be maintained if SOC > 20%. If SOC < 15% the power provided by the battery is zero, to guarantee an adequate duration of the battery. Between 20% and 15% the power delivered can be reduced linearly. The SOC max can be 100% or 95%, since some types of battery (Li-ion) can suffer a faster deterioration with high values of SOC [49] .
If there is an excess of generation with V i = 1.05 · V r and the battery has reached SOC max , the power available in the panels cannot be used. This situation corresponds to a case in which neither the network nor the own loads demand more energy and in addition the battery is charged to SOC max .
The operation of the battery is indicated in Figure 5 . If there is an excess of generation with Vi = 1.05 · Vr and the battery has reached SOCmax, the power available in the panels cannot be used. This situation corresponds to a case in which neither the network nor the own loads demand more energy and in addition the battery is charged to SOCmax.
The operation of the battery is indicated in Figure 5 . 
If 0.97 ≤ Vi/Vr < 1, Pb > 0 (battery discharging):
If 0.7 ≤ Vi/Vr ≤ 0.97, Pb > 0 (battery discharging):
For Vi(t) < 0.7·Vr the battery current should decrease (for example in a linear way) to prevent breakdown situations.
Kc and Kd factors are fictitious resistances according to:
The values of both coefficients could be different from each other, since the maximum charging current can be different from the maximum discharge current.
If the consumption exceeds the power supplied from the BC, the voltage Vi(t) cannot be maintained at its nominal value. In this situation, the voltage Vi(t) decreases rapidly.
The second stage is the operation with respect to the network. In this stage two states can occur:
-If the voltage Vi is greater than 0.97·Vr the node behaves as a generator and injects power to the network depending on the difference 1.05·Vr − Vg. Vg is the voltage of the network at the node connection point.
-
If the voltage Vi is less than 0.95·Vr the node becomes a load for the network. This could happen if the power demanded by loads in a node is greater than that allowed by the Imax of the BC or if the battery has reached a low level of SOC in that node.
In both states, the PFC works with a droop control regulation P-V as shown in Figure 6 . 
If 0.97 ≤ V i /V r < 1, P b > 0 (battery discharging):
If 0.7 ≤ V i /V r ≤ 0.97, P b > 0 (battery discharging):
For V i (t) < 0.7·V r the battery current should decrease (for example in a linear way) to prevent breakdown situations. K c and K d factors are fictitious resistances according to:
If the consumption exceeds the power supplied from the BC, the voltage V i (t) cannot be maintained at its nominal value. In this situation, the voltage V i (t) decreases rapidly.
-If the voltage V i is greater than 0.97·V r the node behaves as a generator and injects power to the network depending on the difference 1.05·V r − V g . V g is the voltage of the network at the node connection point.
-If the voltage V i is less than 0.95·V r the node becomes a load for the network. This could happen if the power demanded by loads in a node is greater than that allowed by the I max of the BC or if the battery has reached a low level of SOC in that node.
In both states, the PFC works with a droop control regulation P-V as shown in Figure 6 . The steady state operation of the node is regulated by the following equations: If Vi ≤ 0.95·Vr, the node receives energy from the network (Pg < 0). The energy delivery is maintained until Vi reaches the value of 0.97·Vr: If 0.9 ≤ Vi/Vr ≤ 0.97:
If 0.7 ≤ Vi/Vr ≤ 0.9:
If Vi < 0.7·Vr, Pg decreases rapidly to avoid fault situations. The energy delivery is interrupted if Vi < 0.6·Vr. The power received from the grid is limited to the minimum value between PmaxL and the maximum value that the network can provide by keeping Vg in the admissible input voltage range of the PFC.
If Vi ≥ 0.97·Vr the node delivers power to the network (Pg > 0): If 0.945 ≤ Vg/Vr ≤ 1.05:
= ℎ 2 · (1.05 · − ).
If 0.7 ≤ Vg/Vr ≤ 0.945:
If Vg < 0.7·Vr, Pg decreases rapidly to avoid fault situations. The energy delivery is interrupted if Vg < 0.6·Vr. The power supplied to the grid is limited to the minimum value between PmaxG and the available power in the node (Ps + Pbat − Pd).
Factors h1 and h2 (with units of A) are easily obtained from the expressions:
Parameters α1 and α2 took the values 0.1 according to the conditions established by Equations (14) and (16) . Later, the influence of these parameters would be analyzed.
The situation Vg < 0.7·Vr or Vi < 0.7·Vr represents a large overload or a fault (short circuit). The power flow is reduced to a very small value (Pres) such that, by eliminating the overload or fault, allows the system to increase the voltage and return to normal operation. Protection elements (breakers) may be necessary to resolve fault situations.
The balance in the network is achieved if:
being: The steady state operation of the node is regulated by the following equations: If V i ≤ 0.95·V r , the node receives energy from the network (P g < 0). The energy delivery is maintained until V i reaches the value of 0.97·V r :
If 0.9 ≤ V i /V r ≤ 0.97:
If 0.7 ≤ V i /V r ≤ 0.9:
If V i < 0.7·V r , P g decreases rapidly to avoid fault situations. The energy delivery is interrupted if V i < 0.6·V r . The power received from the grid is limited to the minimum value between P maxL and the maximum value that the network can provide by keeping V g in the admissible input voltage range of the PFC.
If V i ≥ 0.97·V r the node delivers power to the network (P g > 0): If 0.945 ≤ V g /V r ≤ 1.05:
If 0.7 ≤ V g /V r ≤ 0.945: P g = P maxG .
If V g < 0.7·V r , P g decreases rapidly to avoid fault situations. The energy delivery is interrupted if V g < 0.6·V r . The power supplied to the grid is limited to the minimum value between P maxG and the available power in the node (P s + P bat − P d ).
Factors h 1 and h 2 (with units of A) are easily obtained from the expressions:
Parameters α 1 and α 2 took the values 0.1 according to the conditions established by Equations (14) and (16) . Later, the influence of these parameters would be analyzed.
The situation V g < 0.7·V r or V i < 0.7·V r represents a large overload or a fault (short circuit). The power flow is reduced to a very small value (P res ) such that, by eliminating the overload or fault, allows the system to increase the voltage and return to normal operation. Protection elements (breakers) may be necessary to resolve fault situations.
being:
∀i ∈ {nodes in the network}, and the power losses in the network are:
where R k is the resistance of the conductor of the section k of the network and I k is the current in that branch. The nodes close to the load have lower voltages and provide more power than the distant ones, this fact reduces the losses that occur in the network.
Since any node can change from being a load to being a generator or vice versa, the load flows in the network change continuously. The voltage of each node depends on the set of loads and generators in the microgrid, so it is not possible to choose a node as a reference (slack bus).
To analyze the global operation of the network, the power provided by each node depends on the h 2 parameter and the existing voltages in the network. If a node has more installed power and P maxG of the node is increased, its contribution under the same conditions is greater than that of the other nodes if h 2 is defined in (19) . However, h 2 can be a variable parameter according to network performance criteria.
In each billing period, each user must pay the difference between the energy demanded and the energy transferred. Being the price of the demanded energy superior to the one of the transferred energy, this allows covering the cost of the losses and of the control and maintenance of the network. As a guideline value the authors estimate that a sale price between 0.18 and 0.20 €/kWh can be compatible with a 12-year amortization period. The purchase price should be between 0.23 and 0.28 €/kWh. A deeper analysis of these prices should be the subject of further studies.
Case Study
Data of the Network
The steady-state operation of a DC-MG formed by 19 nodes was analyzed. The basic data are shown in Figure 7 and in Table 1 . This small network was an adaptation of one of the low voltage sections of the network defined in [50] and has been used in other studies on smart grids. In the aforementioned reference, the data of the impedances of each section of the network can be seen. 
where Rk is the resistance of the conductor of the section k of the network and Ik is the current in that branch.
The nodes close to the load have lower voltages and provide more power than the distant ones, this fact reduces the losses that occur in the network.
To analyze the global operation of the network, the power provided by each node depends on the h2 parameter and the existing voltages in the network. If a node has more installed power and PmaxG of the node is increased, its contribution under the same conditions is greater than that of the other nodes if h2 is defined in (19) . However, h2 can be a variable parameter according to network performance criteria.
Case Study
Data of the Network
∀ ∈ { ℎ }, Figure 7 . Topology of the study-case network. Assuming copper conductors of the types indicated in Table 2 , the lengths corresponding to the lines were estimated. Figure 8 shows a possible geographical representation according to these lengths. The line type were selected after applying as a design criterion that the voltage drop in each section did not exceed 5% (which could lead to quite large voltage drops, so a lower value could be used) with a design power that depends on the minimum number of nodes remaining at the two ends of the stretch. Assuming copper conductors of the types indicated in Table 2 , the lengths corresponding to the lines were estimated. Figure 8 shows a possible geographical representation according to these lengths. The line type were selected after applying as a design criterion that the voltage drop in each section did not exceed 5% (which could lead to quite large voltage drops, so a lower value could be used) with a design power that depends on the minimum number of nodes remaining at the two ends of the stretch. 
Data of the Nodes
It was assumed that all the nodes corresponded to households of a neighborhood, all with data equal to those shown in Table 3 . The selection of operating data was obtained from the analysis of real data of 12 households during a month, but this was outside the scope of the paper. The voltage V r was 200 V. To design the PV generator and the ESS of each household, the E d(p80) was taken into account, so it was unlikely that many households could demand power from the grid simultaneously. With a greater number of households in the MG, it could be expected that approximately 20% of them may need to receive power from the grid. For the same reason, the total power demanded by these households could be 20% of the total demand of the MG. If each household was independent of the rest, the design of each generator and its ESS should be based on the maximum energy demanded by each household. This led to higher values in P peak and Q b , resulting in an excess of produced energy during most of the year, which could not be used. For this reason, we considered that the joint operation of the CoDC-MG was a solution that benefits the energy sustainability of the whole.
Analysis of the Operation of the Network
Randomly, a group of households was selected to function as loads (Scenario 1), demanding the power indicated in Table 4 (with a negative value). With an algorithm developed in Matlab, according to Equations (16) to (23) , the operating state of the network was obtained (power generated (with a positive value) and voltage in each node). No conventional load flow was used since there was no slack bus. Table 4 shows results of Scenario 1 taking α 2 = 0.1.
The PFC had an efficiency η p (η p ≈ 95%) that was not reflected in the equations because the power data, both consumed and generated, corresponded to powers measured in the network, at the node connection point. That is, if it was indicated that the node demanded P (kW), in reality the power demanded by the loads would be P·η p . Otherwise, if P' (kW) was generated, in reality the power generated in the internal bus would be P'/η p .
The lines were oriented from a node of origin to the destination node. A negative current indicates that the direction of the current was opposite to that of the line. The reference voltage in the PFCs of the nodes was taken as being equal to 210 V, 5% higher than the rated voltage. There were seven consumer nodes (3, 5, 8, 9, 11, 15 and 17) that demanded altogether a power of 12 kW from the network. Seven households represented 35% of the total households, significantly above the 20% that could be expected in a MG with a greater number of households. The same happened with the value of demanded power (12 kW) , greater than what could be expected in the case of many households. Between the maximum and minimum voltages, the difference was 12.39 V. The lowest voltage occurred in node 9 (189.23 V), so the voltage dropped was 5.38% with respect to the rated voltage of 200 V. The total power losses in the network were 218.7 W.
Another case was also analyzed in which all the loads were concentrated on the same side of the network, which was the most unfavorable case from the point of view of voltage drops (Scenario 2). The results with α 2 = 0.1 are shown in Table 5 . There were eight consumer nodes (0, 1 and 13-18) that demanded altogether a power of 11 kW from the network. Between the maximum and minimum voltage, the difference was 31.3 V. The lowest voltage occurred in node 17 (171.79 V). The voltage drop was 14.1% with respect to the rated voltage of 200 V. The total power losses in the network were 1044.5 W.
This situation represented a very unfavorable case in the operation of the network. This set of eight nodes demanding power at the end of the network produced a great influence on the overall functioning of the grid. The network response was correct, since the neighboring nodes to the area where demand took place (nodes 2 and 3) provided more power without reaching their maximum generation limit. In addition, all the nodes, even the distant ones, provided power and contributed to sustaining the whole grid. However, this situation caused high voltage drops. In the discussion section, possible strategies were proposed to prevent this situation from producing such a large voltage drop.
Discussion
The proposed CoDC-MG has a primary autonomous control (P-V droop control), which does not need a communication system to operate. That is one of the imposed requirements and one of the main advantages of this network scheme.
Each node can receive power from the network if needed or generate power to help the operation of the whole. No node is critical. It is an authentic structure of peer to peer nodes. Adding or removing a node does not require modifying anything in others, the nodes are plug and play.
The energy benefit of a cooperative network, such as the proposed one, lies in taking advantage of the diversity of consumption. The values P peak and Q b assigned to each node have been proposed based on E d(p80) from a series of real data. These values are intended to guarantee the self-consumption of each node in most situations. However, taking into account the stochastic nature of energy consumption, there is a small probability that some households exceed the design values and need the support of others.
This support, in fact, is possible in many cases, because for the whole set of households, the average consumption E d(av) is lower than that used in the design of the facilities.
To guarantee the autonomous operation of an isolated household, it would have been necessary to design the facilities with the maximum registered value of E d since having only a probability of operation of 0.8 would not be possible. Therefore, P peak and Q b values would be higher in the 19 households.
Nonetheless, with these higher values, the probability that the maximum SOC value in the batteries will be reached for many days increases and so a certain amount of energy that would be available in the panels is lost, with a worse overall energy efficiency in the whole microgrid. Hence, the joint operation of the cooperative network improves efficiency, while trying to ensure a reliable operation of the whole, thereby improving global energy sustainability.
As can be observed in the results shown for the very unfavorable scenario 2, depending on the state of the loads, the local voltage in some areas might be noticeably lower than the V r and the voltage drop might be greater than desired. A secondary control level can correct these deviations [51] . The voltage drops observed in this case are a consequence of the criteria that have been adopted here to design the network (a voltage drop of up to 5% has been allowed in each section of the network). As will be discussed later, with more strict design criteria (less voltage drop in each section) the results shown in scenario 2 could be significantly improved, so that secondary control could be avoided.
To see how some control parameters affect the voltage of nodes, a sensitivity study of the voltage drop was carried out.
The influence of parameter h 2 was analyzed for scenario 2. Parameter h 2 could vary in three ways, changing the maximum power that each node could provide (P maxG ), changing the reference voltage of the node (V r ) or changing the parameter α 2 .
Initially the value α 2 = 0.1 (that corresponded to h 2 = 0.0952 kW/V) was used to obtain the results shown in Section 4. Table 6 shows voltage drops and the losses for several values of α 2 (the same value in all the nodes). Small values of α 2 guaranteed lower voltage drops, increasing the power contribution from the nodes closest to the loads, while larger values of the parameter allowed more distribution of the demand among all the nodes of the network. Thus, with larger values of α 2 the voltage drops were greater and the losses increased.
By setting α 2 = 0.08 (that corresponds to h 2 = 0.1190 kW/V), node 2 saturated the maximum power it could deliver to the network (2 kW). Node 3 increased the power delivered to the network (from 1.56 kW to 1.66 kW). This was because these were the nodes closest to the loads that demand power. If the value of P maxG in node 2 was increased to 3 kW, parameter h 2 increased in that node to a value equal to 0.1786 kW/V and the delivered power by this node to the network was 2.94 kW. Delivered power in node 3 decreased to 1.49 kW, the voltage drop decreased from 12.72% to 11.64% and losses in the network decreased from 999 W to 894 W. These results were logical since the proposed control system made the nodes closest to the loads contribute more power and it results in benefits in those two magnitudes.
With other nodes not so close to the loads, the effect was lower. If P maxG in node 5 was increased to 3 kW, this node went from generating 1.02 kW to 1.44 kW, but the voltage drop was only reduced to 12.48% and the losses would be 993 W.
A similar effect was achieved by varying the parameter α 2 of a node, but there were important differences. For example, when changing α 2 in node 2 to 0.0533, h 2 = 0.1786 kW/V (same value as the previous case) but the results almost did not change, since the power contributed by the node had reached the maximum. If the same operation was made in node 3, this node saturated. In this case, the voltage drop was slightly improved to 12.37% and the losses decreased to 973 W. However, if the change was made in node 5, the results were the same as if the P maxG in the node was increased to 3 kW.
Therefore, a secondary control system could act by modifying α 2 in all the nodes or in some concrete ones, depending on the voltage profile. The value of P maxG of some nodes that were saturated could also be varied, although the latter affected the design of each node.
However, this secondary control could be avoided due to the following reasons:
-The load/generation states are variable over time, complicating the requirements of the system and could promote instabilities in the secondary control.
-
The correct design of the network can guarantee that in normal operation the voltages remain within the limits V lim < V g < 1.05·V r , being this range an important design factor that the equipment manufacturers should know. The criterion applied in Section 4.1 of this study allowed a wide range of voltage drops, but other more restrictive criteria are possible. In fact, if the sections chosen in each branch can cause voltage drops of up to 5%, the voltage drop of the entire network can be considerably higher. However, choosing as a design criterion a voltage drop of 2% in each section (which results in conductor sections greater than those indicated in Table 1 ), the results of scenario 2 show a total voltage drop of 4.86%. Thus, the minimum voltage of the network would be 190.3 V at node 17 and the power losses would be 423 W. Bearing in mind that the state of the nodes can arbitrarily change from generation to load and that most of them must operate autonomously, it is not easy with this structure to apply a design criterion based on the voltage drop of the complete network, as it is used in the design of conventional networks.
-Current DC/DC and DC/AC converters support a wide range of input voltages, maintaining the output voltage, with good performance throughout the whole range. Therefore, for the loads fed by this equipment, the fact that the voltage of the network is lower than V r does not represent a major problem. -Taking into account that the connection of the nodes to the network is done through PFC that is a smart DC-DC converter, this equipment can admit a wide range of voltages at the input maintaining the output voltage. Therefore, the voltage in the network, within certain limits, does not affect the operating voltage of the internal node, so large voltage drops (20% for example) would be admissible, although the authors proposed to try to limit these voltage drops to lower values.
The possibility of varying the parameter h 2 of each node allows varying the power distribution between the nodes, although the final result will always depend on the state of charge/generation.
Regarding the tertiary control is not necessary in this CoDC-MG. The distribution of powers depends on the state of charge/generation of the network, which can vary frequently.
Conclusions
In this paper, the authors defined a DC-MG structure with a new approach with respect to other MGs. The operation of the network depends on the collaboration of all the nodes, so the name cooperative DC-MG was proposed.
One of the objectives for CoDC-MG is that the structure must be very simple and the operation must require little or no attention from a control centre and be independent of a communications system. This is intended to simplify the design of this type of networks that can facilitate the use of distributed renewable generation of individual type, but with the support of the network to achieve better guarantees of reliability.
This type of facility could be the basis for future distribution networks, the purpose of which would be to link these facilities together in order to achieve bottom-up network development (from consumers to large networks), in contrast to the classic network structure of electric power systems that develop from top to bottom.
The cooperative DC-MG can operate under variable load-generation situations, as shown in the two examples that have been presented in the paper. Each node can receive power from the network or operate as a generator, depending on the internal energy state and the operating state of the network. Being a DC network, only the voltage is required as a control variable. Each node uses the SOC of his battery, its internal bus voltage and the voltage of the network to which it is connected to establish its mode of operation. The device proposed to perform power transmission between the node and the network (PFC) is a reversible DC/DC smart converter whose general operation was described in the paper.
The developed method allows obtaining the steady state of operation of the MG for any situation of power demand in the nodes (subject to the condition that it can be supplied by the remaining nodes of the MG) without fixing the voltage of any of them as a reference node (there is no root or slack bus). The voltages are self-adjusted to the random loading/generation states of the nodes.
Although an autonomous control system (primary droop control P-V) was proposed for simplicity, a secondary control could be established to improve aspects of the operation of the network. Nevertheless, an adequate design when selecting the branches' sections could guarantee a correct operation even without this secondary control. The existence in each node of a PFC allows a correct operation of the loads in the node even with large voltage drops in the network (20%).
The development of networks in DC requires further research and important standardization and regulation work is necessary. With the development of this type of networks the individual use of renewable generation would be facilitated. The adaptation of domestic loads (and many industrial loads) to operate in DC is not, today, a major problem. Funding: This work has been partially supported by funds for research support of the Universitat Politècnica de València.
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Abbreviations
The following abbreviations were used in this paper: Number of households in the MG P b (t) power provided by the battery P d (peak) maximum demanded power P d (peak,p80) maximum power with 20% probability of being exceeded P d (peak,av) average value of maximum demanded powers P F (t) solar irradiance curve PFC power flow controller P g power flow of the grid at one node P Gg total power generated in the microgrid P Dg total power demanded in the microgrid P losses power losses in the microgrid P maxL (to load) maximum power demanded by the household from the grid P maxG (to grid) maximum power delivered by the household to the grid P peak rated power installed in PV panels P S ( 
